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CSJ ■ Abstract 



We evaluate the large momentum transfer J/ijj photoproduction 
00 \ with rapidity gaps in ultraperipheral proton-ion collisions at the LHC 

^D ■ which provides an effective method of probing dynamics of large t 

elastic hard QCD Pomeron interactions. It is shown that the exper- 

k>( , imental studies of this process would allow to investigate the energy 

^ ■ dependence of cross section of elastic scattering of a small cc dipole 



off the gluon over a wide range of invariant energies 10 < Scs-giuon < 
lO^GeV^. The accessible energy range exceeds the one reached in 
7P at HERA by a factor of 10 and allows the kinematic cuts which 
improve greatly sensitivity to the Pomeron dynamics as compared to 
the HERA measurements. The cross section is expected to change by 
a factor > 20 throughout this interval and our estimates predict quite 
reasonable counting rates for this process with the several of the LHC 
detectors. 



1 Introduction 

For many years investigations of the small x dynamics were focused on stud- 
ies of the 7* (7)p interactions ar HERA. In particular, over the last decade 
significant efforts were aimed on the theoretical and experimental investiga- 
tions of the high energy diffractive photo/electro production of vector mesons 
off proton target (for the recent review and references see [1]) including the 
hard processes in which a vector meson is produced with a large rapidity 
gap, A?/, between the vector meson V and the produced hadronic system X: 

-i* +p-^V + gap +X. (1) 

An important feature of these processes which occur due to the elastic scat- 
tering of small color singlet quark- ant iquark [qq) dipole configurations in the 
photon wave function (referred to as dipoles in the remainder of this arti- 
cle) off a parton within the proton target is the nontrivial interplay between 
evolution in \yi{xq/x) and ln((5^/<5o)- Study of high energy vector meson pho- 
toproduction in kinematics where momentum transferred through the gluon 
ladder exchange between dipole and a parton is large and the produced vec- 
tor meson is separated by large rapidity gap from the products of target 
dissociation should allow to investigate ln(xo/x) evolution at fixed momen- 
tum transfer t [2 [3l H] . The HERA measured the relevant cross sections of 
p and J /ip photoproduction O El [3, El E] in a rather restricted 7p center-of- 
mass range 20 < W^p < 200 GeV and very limited range of Ay, making it 
very difficult to study the energy dependence of the amplitude predicted by 
the BFKL dynamics. Hence, it would clearly be beneficial to perform such 
measurements at higher W^p and over a much larger range of Ay. 

Here we extend our feasibility studies of [TU], [H] for probing these pro- 
cesses in the proton-nucleus ultraperipheral collisions (UPCs)[T2] at the LHC. 
The CMS and ATLAS detectors are well suited for such investigations since 
they cover large rapidity intervals. The ALICE detector maybe capable of 
studying this process in a certain rapidity range as well. 

We consider J /ip photoproduction by photon from the ultrarelativistic 
ion on the proton target in ultraperipheral pA collisions, 

A + p^A + -i+p-^A + J/i) + X. (2) 

in the kinematics with large t and the rapidity gap Ay between J /ip and 
the produced hadronic system X which is sufficiently large to suppress the 
fragmentation contribution. 



The paper is organized as follows. In section [2] we discuss the QCD mo- 
tivated formulas and parametrizations which could be used to describe the 
energy and t dependence of the considered process. Section |3] is devoted to 
analysis of the available HERA data on J/ip production using parametriza- 
tion of the data which is based on the hard mechanism of the reaction. In 
section H] we estimate the rates of 7 + p ^ J/tp + gap + X reaction in pA 
collisions at LHC. 

2 Energy and t dependence in the large t and 
rapidity gap quarkonium photoproduction 

The main variables in such processes are the mass of the system produced in 
the proton dissociation, Mx, the square of momentum transfer —t = Q^ = 
— {p-y — PvY, and the square of the qq-paitoia elastic scattering energy 

S{gg)j = xW^p = xs^p ■ (3) 

Here j denotes gluon or quark in the target and 



^ (-t + Mi - m%) ' ^^^ 



is the fraction of the proton momentum carried by the target parton for a 
given Mx and t. At large t and W^p, the gap between the rapidity of the 
produced vector meson and the final-state parton at the leading edge of the 
rapidity range of the hadronic system X is 

Ay = \n , ^P (5) 

V(-t)(Mj/,-t) 

It is rather difficult to measure Mx or x directly. However, they can be 
adequately determined by studying the leading hadrons close to the rapidity 
gap; full reconstruction is not required. 

In kinematical region of large —t ^ '^/^'j/^h ^^^ ^-yp ^ ^x ^^e quarko- 
nium photoproduction cross section with target proton dissociation can be 
described as an incoherent sum of terms which are proportional to the prod- 
uct of the large t cross section of quarkonium photoproduction off the parton 
and the density of the parton j in the target [21 [3] : 



dtdx dt 



81 

—gp{x, t) + ^[g;(x, t) + g;(x, t)] 



(6) 



Here gp{x,t), q^^x^t) and ^^(x, t) are the gluon, quark and antiquark distri- 
butions in the proton. At large t the 7g -^ J/i'Q amphtude, fq{s(^cc)q,'t), is 
dominated by transition of the photon into the small cc dipole configuration 
which scatters elastically off the target parton and transforms into the vector 
meson. The dipole - gluon elastic scattering cross section is enhanced by a 
factor 81/16 relative to the scattering off quark. Large t ensures important 
simplifications. The parton ladder mediating elastic scattering of dipole is 
attached via two gluons to one target parton while the attachment to two and 
more partons in the target is strongly suppressed. Since t is the same on all 
rungs of the ladder, the amplitude fq{s(^cc)j,t) probes evolution in ln(l/x) at 
fixed t [131 [S] . Because the momentum transfer is shared between two glu- 
ons, the characteristic virtuality of t-channel gluons on the ladder is ~ — 1/4 
while the hard scale in the target parton density is ~ —t. 

To the lowest order in ln(l/x), the amplitude, fq{s(^cc)j, t), is independent 
of W^p for fixed t. Higher order terms in ln(l/a;) accounted for in the lead- 
ing and next-to-leading log approximations will result in increase of fq with 
energy as a power of exp{Ay) 

/,(.(,,)„t)oci?(t)(^)'"^''*, (7) 

for |t| > M2 . 

The value 6o changes significantly between LO and NLO BFKL, 6o ~ 0.6 
at LO and 6q ~ 0.1 at NLO. The resummed BFKL gives a value of 6o ~ 
0.2 — 0.25 [15] over a wide range of as{Q'^). In the perturbative QCD the 
slope parameter 6' should be negligible (~ c/t) in the — t ^ oo limit. Since 
kinematics of HERA measurements is restricted by the interval 2GeV^ < 
—t < 30GeV^ we keep this parameter to reveal sensitivity of the process to its 
value. Experimental information about S{t) = Sq + 6't in hard processes can 
be extracted, in principle, from the study of the exclusive electroproduction of 
light vector mesons or photo and electroproduction of heavy quarkonia. The 
current J/ip data leads to ^o ~ 0.2 for a rather wide range of Q^. The data 
on the t dependence of 5{t) in electroproduction processes at (Q^) = 8.9GeV^ 
are consistent with t independent 6, though the error bars are significantly 
larger in this case, for the recent results see [161 EI]- Therefore a natural 
guess for the value of 6{t) in the hard regime is 

(5(t) ^0.1-0.25 (8) 



for the t interval 2GeV^ < — i < 30GeV^. In view of the theoretical uncer- 
tainties described above we will treat 6q and 6' as the free parameters but 
generally assume that 6{t) weakly depends on t. 

The t-dependence of da^q^j/^q/dt originates both from the square of the 
energy dependent part of elastic parton - parton scattering amplitude as 
given by Eq. [7] and from the t-dependence of the attachments of the ladder to 
vector meson and parton of the target, R^{t). The large —t ^ My behavior 
of the non-spin flip photoproduction cross section is R^{t) oc 1/t^. The spin- 
flip contribution leads to B?{t) oc |l/tp with strong sensitivity to the form of 
a vector meson-photon coupling. The HERA data on J /if} photoproduction 
[S] indicate that the spin flip contribution remains a small correction in the 
whole studied range of t. Hence we will neglect it in the following. 

The important feature of the large rapidity gap J /ip photoproduction in a 
wide range oft, starting from —t ~ few GeV^, is that the essential virtualities 
in the attachments of the ladder to the 7 -^ J /if) vertex and to the parton 
of the target are different. In the 7 —^ J /ip coupling all virtualities are at 
least of the order m^ji^- This was first observed in |18j where the process 
of J /ip production was considered in the leading log BFKL approximation. 
Actually, this feature of the process is more general and follows from the 
gauge invariance. The t-dependence in the ladder -target parton block should 
be similar to that in deep inelastic scattering off the corresponding parton of 
the target - two gluons attached to this parton in the amplitude have large 
relative momenta and effectively act as one point-like probe of virtuality t. 
Experimentally scaling in DIS sets in at Q^ ~ 1 — 2GeV^. Hence, to describe 
the t-dependence in the J /%p photoproduction we need in principle two scale 
parameters - one close to the square of the mass of J /ip and another, to, of 
the same order as the scale of onset of scaling in DIS. 

3 Rapidity gap J/i/^ photoproduction at HERA 

The experimental cuts in the rapidity gap J /ip photoproduction HERA data 
([ZI5 [H]) resulted in the relatively small rapidity interval available for gluon 
emission in the color singlet ladder, ln(xs^p/|t|) < 5. Really, in most of 
the probed settings the invariant energy of the dipole-parton system was 
rather low, Wqq-j < 20 GeV. Since only single gluon emission is allowed 
for such energies in the ladder kinematics, it is hardly justified to apply a 
BFKL-type approximation. Hence, we need some reasonable QCD motivated 



parametrization of the cross section based on EqEl It should account for the 
discussed above two scales characterizing onset of hard processes in the large 
rapidity gap J /ip photoproduction and should be applicable in a wide region 
of t, not only to asymptotically large t. We find that the simplest choice is : 



d<J^+p^J/'>p+Gap+X _ (-'ly'^iain^t) 



W. 



2 

IP 



25{t) 



(9) 



The factor I{xrmn-,'t)-, is obtained by integrating the parton densities over 



I Xn 



t)= j dxx''^'^ 



16 



9pix,t) + Y.[qi{x,t) + qi{x,t)] 



(10) 



To calculate I{xmin,t) we used the CTEQ6M PDFs [19]. The value of x^m 
was calculated using Eq.(jl]) separately for each of experimental sets of the 
ZEUS and HI data using reported cuts on Mx- The values of Sq, 6' in 6(t) = 
5o + S't and constant C were adjusted to provide a reasonable description of 
the J/ij) photoproduction at HERA. 

There are exists two sets of the large t and rapidity gap J/ip data . Col- 
laboration ZEUS [7] measured the t-dependence of cross section in the range 
IGeV'^ < —t < SGeV'^ at the average energy < W^p >^ 100 GeV using 
the following cuts: Xmin = jik "with Wq = 25 GeV if Xmin > 0.01 otherwise 
Xmin = 0.01. In the experiment of HI collaboration p] the t-dependence has 
been measured in the wider interval 2 GeV^ < — t < 30 GeV'^ averaging the 
cross section over the energy in the range 50 GeV < W^p < 150 GeV and 
assigning the averaged cross section to the value W^p ~ 100 Ge^. The re- 
striction on the mass of the produced system Mx, Mjr < 0.05W^p+t, applied 
in HI experiment leads to the energy dependent value of Xmm- This means 
that the cross section has to be integrated over x in the interval Xmin < x < 1. 
before averaging over energy at each value of t. 

We find that these data are consistent (figH]) with t dependence predicted 
by QCD dominance of one gluon exchange in the charmonium wave function 
{da /dt oc t~^ ) and the shape of the curve is not sensitive to the parameter 
6f) which characterizes explicit energy dependence of the amplitude of dipole 
scattering off a constituent of the target. The t dependence of cross section 
is described reasonably well with the values: C = 0.9 ii 6o = 0., C = 0.4 if 
the parameter 6o = 0.1 and C = 0.2 for 6q = 0.2 at not too large values of 
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Figure 1: Momentum transfer distribution for J ftp photoproduction in 
HI and ZEUS. Solid- long-dashed curve corresponds to the choice of 6q = 
0, 0.1, 0.2 with 6' = 0.01. Short-dashed curve - 6' = 0.0 and dotted curve 
6' = 0.02. Here we determine the pa^meter 6' and the normalization con- 
stant C for each value of 6q. 
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Figure 2: Energy dependence (choice of 6o) for J/ip photoproduction in ex- 
periment of HI at HERA. No free parameters used in calculations. Solid line 
corresponds to Sq = 0.2, dashed line - Sq = 0.1 and dot-dashed line 6o = 0. 
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Figure 3: Energy dependence for J /ip photoproduction at HERA in kinemat- 
ics of fixed upper limit of the diffractively produced mass M^ax = 10 GeV. 
Solid line corresponds to 6q = 0.2 and dashed ^o = 0.1. These calculations 
demonstrate that measurements of cross section in such kinematics could 
allow one to determine reliably the parameter Sq- 



t. Since the parameter ^o is appeared to be comparatively small it is evident 
that there is definite sensitivity to the slope parameter S' at large t. From 
comparison with the data the value 6' = 0.01 GeV^ seems to be reasonable. 

The HI collaboration also presented the data for the energy dependence 
of cross section for three intervals of t. In this kinematics dependence of 
cross section on W^p is determined by the factor VKfp^*-' in the cross section 
of dipole-parton interaction and by integral over x of weighed by factor x^*^^*-* 
the parton distributions within the proton. With an increase of the energy 
the value of Xmin is decreasing and due to the strong growth of the gluon dis- 
tributions in the proton the integral over x rapidly grows. From comparison 
of the results of calculations with the data we found that in the kinematics 
covered by HERA, i. e. with the energy dependent cut on the mass Mx 
of the produced system, increase of cross section with energy is due to the 
growth of /(xinin,t) related to the increase of the gluon distributions rather 
than due to the factor W^^^^\ So, we conclude that the kinematical cut im- 
posed in the HI experiment results in a weak sensitivity of the data to actual 
value of (5(t), see FiglJl 

One can achieve a better sensitivity to Sq if the cross section were studied 
as a function of energy at fixed Mx (fixed x) or for Mx < const. In the 
latter case the integral of parton distribution over x is constant and the 
energy dependence follows from the amplitude of dipole-parton interaction. 
For the illustration we present in Fig|3] results of the calculations for such 
Mx cut in the kinematics of HI. 

Thus our analysis shows that HI and ZEUS data on large t large rapidity 
gap processes are consistent with the t-dependence expected in pQCD which 
is a combination of t-dependence due to the structure of the qq vector meson 
wave function and the t-dependence of the amplitude of dipole-parton scat- 
tering. At the same time data are insensitive to the energy dependence of 
the amplitude of dipole-parton scattering which can not be reduced to par- 
ton distributions in a hadron. To probe pQCD predictions for this amplitude 
one need to perform measurements in different kinematics and at significantly 
larger collision energies which can be achieved in ultraperipheral collisions at 
LHC. 
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Rapidity gap J/i/^ photoproduction in ul- 
traperipheral pA collisions at the LHC. 



It is unlikely that further HERA studies will cover a sufficiently wide range 
of W^p and Ay to study the energy dependence of the large-t elastic dipole- 
parton scattering amplitude. On the other hand, at the LHC, CMS and 
ATLAS will have sufficient rapidity coverage to study the process in Eq. ([2]) 
in ultraperipheral pA collisions. To estimate the large t rapidity gap J/ijj 
photoproduction cross section in ultraperipheral pA collisions at the LHC we 
use the parametrization of the •yp —* XJ/ip cross section in Eqs. ([9]). We do 
not address the pA contribution from 7^4 — > J /ipX since it is much smaller 
and can easily be separated experimentally. The large t nucleon-dissociation 
cross section is then 

dtdy ~ dk dt ' ^ ^ 

where dN^{y)/dk is the photon flux generated by the ion with energy k = 
(Mj/^/2) exp{y). We consider intermediate and large momentum transfer in 
UPCs at the LHC, analogous to those studied at HERA. 

To check feasibility of such measurements and their sensitivity to the value 
of 6 we performed calculations of the cross sections of rapidity gap events with 
J/ip in ultraperipheral proton-ion collisions at LHC for the interval of the 
J/ip rapidities —4 < y < 4 which corresponds to the range of energies W^p 
from about 40 GeV up to 1 TeV. Results are also shown for two assumptions 
of 6o: 0.2 and 0.1. We do not consider W^p < 20 GeV where our HERA-based 
parametrization, Eqs. ([9]) and flTOj) . is unreliable. 

We study the cross section when Mx oc W^p, specifically Mx < 0.05 W^p+ 
t at fixed t, Fig|l](left). This cut corresponds to fixing Ay and changing Xmin- 
Such studies could test the parton distribution functions and the reaction 
mechanism by extracting /(a;min,t) from the data in different Xmin and t 
bins. 

The cross section can also be studied at fixed t as a function of the vector 
meson rapidity with the restriction Mx < const to determine the energy 
dependence of the dipole-parton amplitude and thus 5{t). In this case, Xmin 
does not depend on W^p and the dipole-parton elastic scattering amplitude 
varies with W^p due to the increase of the rapidity gap with y. Most events in 
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Figure 4: Rapidity distributions for the J/-?/' photoproduction in the ul- 
traperipheral proton-Pb colhsions at LHC in kinematics with the gap be- 
tween J ji\} and diffractively produced system with the mass in the range 
rxif^ < Mx < y'O.OSVT^^^ + 1 (left) and in the range tun < Mx < 10 GeV 
(right) at different values of the momentum transfer. The solid, long dashed 
and dot-dashed lines present cross sections calculated with 6o = 0.2 and the 

short dash lines with 5o = 0.1. 
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Figure 5: Rapidity distributions for the J/ip photoproduction in the ul- 
traperipheral proton-Pb colhsions at LHC in kinematics with the gap be- 
tween J/ip and difFractively produced system with the mass in the ranges 
ruN < Mx < JO.ObW^p + 1 and mjv < Mx < 10 GeV. The cross sections 
are integrated over t in the range 2GeV^ ^ —t < lOGeV^. 
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Cut on Mx 


Mx < 10 GeV 


Mx<^0.05Wl + t 


p - Ar 


0.6 fib 


1.2 fib 


p-Pb 


9 fib 


18 fib 



Table 1: Total cross sections of the large rapidity gap J/iJj photoproduction 
in ultraperipheral p-Ar and p-Pb collisions. 

the kinematics with Mx < 10 GeV and 2GeV'^ < —t < lOGeV'^ correspond 
to X > 0.01 where the scattering of dipole off the gluons of the target give 
the dominant contribution. Because of the specifics of the LHC detectors it 
will be probably very difficult to reach the x range where quark scattering 
is larger than gluon scattering, x > 0.4. Thus we can primarily infer the 
energy dependence of the elastic (cc)-gluon amplitude at different t. Overall, 
the energy range, Smax/smin > 10^, is large enough for precision measurements 
of the energy dependence of the amplitude. If 6{t) ~ 0.2, the elastic cross 
section should increase by a factor of ~ 30 in the energy range. 

The two choices of Mx cut exhibit the same behavior at large forward 
rapidity due to the steep decrease of the photon flux. 

The cross section integrated over t in the range 2 GeV^ < — t < 10 GeV^ 
are presented in FigsISl The total cross sections integrated over the interval of 
rapidities —4 < y < 4 for two considered cuts on the mass of produced system 
Mx are given in Table [H The rates, which can be obtained multiplying the 
cross sections by luminosities of 6 and 0.4 fih~^ for pAi and pPb respectively, 
are high (even when one takes into account a small decay branching ratio of 
J/ip into leptons which is not included in the table) 

One can see that cross sections are large in the rapidity range where the 
LHC detectors have good acceptance to J/ip^s with transverse momenta of 
few GeV and that with the cuts natural for LHC there is a strong sensitivity 
to the value of the 6 parameter. 

Hence we conclude that measurements of the discussed processes in pA 
collisions at LHC would allow to measure energy and momentum transfer 
dependence of the hard vacuum exchange. 
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5 Conclusions 



Studies of rapidity gap processes in the proton-ion UPCs at the LHC will 
directly measure the energy dependence of the large-t elastic amplitude of 
dipole-parton scattering in the wide range of energies. We find that it will be 
possible to study the J /ip photoproduction in such processes up to W^p ~ 1 
TeV, extending the energy range studied at HERA by a factor of 10. This 
should allow us to investigate hard QCD dynamics up to xs-fp/\t\ ~ 10^ that 
corresponds to rapidity interval of ~ 8 units for gluon emission. The rapid- 
ity interval between two gluons on the ladder is > 2, hence, the emission 
of several gluons is possible in the ladder in such processes thus making ap- 
plicability of the BFKL approach more justified. These measurements will 
be also important as a reference for the study of a similar process in the 
nucleus-nucleus collisions at the LHC which will be considered in a sepa- 
rate publication (for discussion of the analogous process of large t p-meson 
production in the nucleus- nucleus collisions see [12j). 
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